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waters (Collette et al., 2001 ).
Most of molecular phylogenies aimed at solving the relationships among tuna species are based on mitochondrial markers (Alvarado Bremer et al., 1997; Chow and Kishino, 1995; Chow et al., 2006; Tseng et al., 2012; Viñas and Tudela, 2009 ) and/or do not include all the species of the genus Thunnus (Miya et al., 2013; Orrell et al., 2006; Santini et al., 2013) . These studies consistently recover the Neothunnus subgenus and a close relationship between the albacore and the Pacific bluefin tuna. Yet, evidence of mitochondrial introgression in T. orientalis with T. thynnus or T. alalunga (Chow and Inoue, 1993; Chow and Kishino, 1995; Chow et al., 2006) , and in T. thynnus with T. alalunga or T. orientalis (Bremer et al., 2005; Chow et al., 2006; Pla et al., 2003; Takeyama et al., 2001; Viñas and Tudela, 2009 ) makes mitochondrial-based inferences of the relationships between these three species ambiguous. The only nuclear based phylogenetic studies that include all eight species of Thunnus (Chow et al., 2006; Viñas and Tudela, 2009) resolution is translated into a lack of suitable DNA-based tools for tuna species discrimination. The few genetic markers in use for this purpose (e.g. Bartlett and Davidson, 1991; Chow et al., 2003; Pardo and Pérez-Villareal, 2004; Takeyama et al., 2001; Tseng et al., 2011; Viñas and Tudela, 2009 ) are mitochondrial, and the sole contrasted nuclear marker, the ribosomal internal transcribed spacer (ITS1), can only be used as a complement to mitochondrial markers when introgression is suspected (Viñas and Tudela, 2009) , as it does not discriminate between all eight Thunnus species (Chow et al., 2006; Viñas and Tudela, 2009) . Thus, overcoming the lack of congruence and/or resolution associated to the published Thunnus evolutionary relationships requires evolutionary inferences based on genome-wide phylogenetically informative positions of nuclear origin.
Recently, the restriction site-associated DNA sequencing (RAD-seq) method, which, allows to rapidly and cost-efficiently sequence thousands of homologous regions in hundreds of individuals both, with and without available reference genomes, has been applied to resolve phylogenetic relationships (e.g. Cruaud et al., 2014; Herrera and Shank, 2015; Leaché et al., 2015) . Yet some studies have shown that gathering a suitable set of phylogenetically informative markers from RAD-seq data relies on the ability to discover enough orthologous loci among the species under study, which largely depends on divergence times between lineages and filtering and assembly parameters applied for orthology inference (Jones et al., 2013; Leaché et al., 2015; Rubin et al., 2012; Wagner et al., 2013) . It is therefore recommended to explore the results applying different parameter combinations (Ree and Hipp, 2015; Rubin et al., 2012 Cells and Animal Tissue". Extracted DNA was suspended in Milli-Q water and concentration was determined with the Quant-iT dsDNA HS assay kit using a Qubit® 2.0 Fluorometer (Life Technologies). DNA integrity was assessed by electrophoresis, migrating about 100 ng of GelRed™-stained DNA on an agarose 1.0% gel.
Restriction Site Associated DNA sequencing library preparation and analysis
Restriction-site-associated DNA libraries were prepared following the methods of Etter et al. (2011) . Briefly, about 300 ng of genomic DNA were digested with the SbfI restriction enzyme and ligated to modified Illumina P1 adapters containing 5bp unique barcodes. Pools of 33 individuals were sheared using the Covaris® M220 Focusedultrasonicator™ Instrument (Life Technologies) and size selected to 300-500 pb by cutting agarose migrated DNA. After Illumina P2 adaptor ligation, library was amplified using 14 PCR cycles. Each pool was sequenced (100 pb) on an Illumina HiSeq2000 lane. RAD sequencing data were processed with Stacks version 1.27 (Catchen et al., 2013) with default parameters unless otherwise specified. Raw 6 sequences were demultiplexed and filtered for low quality using the process_radtags module; for each individual, putative loci were identified using ustacks allowing a minimum stack depth parameter of 5 (parameter m) and 1 or 2 mismatches (parameter Likelihood phylogenetic trees were built using the unpartitioned GTRCAT model as implemented in RAxML version 8.1.21 (Stamatakis, 2014) and branch support was assessed by a 100 replicate rapid-bootstrap analysis.
Results and Discussion

RAD-seq data preprocessing
The number of reads per individual that met the quality requirements ranges from 1,529,640 to 6,645,450, with an average of 3,266,093, of which from 92% to 99% per individual were used for stacks (RAD loci) formation. As expected, higher M values increase coverage (53x vs 50x) and produce fewer RAD loci per individual (Figure 1 ).
The number of estimated SbfI cut sites (about 30,000 to 32,000 restriction sites for Thunnus species and slightly higher for outgroup species) show that the RAD-seq approach using this restriction enzyme allows to cost-effectively produce high coverage orthologous markers in these species, which is relevant for future population genetics studies on these taxa.
Assembly of phylogenetically informative nucleotide matrices 7
The number of nucleotide positions included in the matrices ranges from 2,625 to 426,052 varying substantially depending on the catalog building and filtering parameters applied (Table 1) . In general, allowing more missing positions, using IUPAC encoded sites instead of fixed positions and using individuals instead of species to select positions results in larger matrices. When missing data are allowed, individualbased site selection results in larger matrices both for IUPAC encoded and fixed positions, which is due to the fact that even when missing data are allowed, markers present in all individuals within the same species are scarcer. However, when no missing data are allowed, the number of markers is similar whether using individuals or species, particularly when IUPAC encoded sites are selected. When IUPAC encoded sites are used, M=2 always results in larger matrices than M=1, and the observed differences are higher the lower the missing data threshold (factors of 1.34, 1.45, 1.62 and 2.29 for missing data of 75, 50, 25 and 0% respectively); when fixed positions are used, differences of matrix sizes produced with different M values are lower, but still more pronounced when less missing data are allowed. When building each individual locus, higher values of M will allow higher heterozygosity within loci. Thus, putative loci presenting more than one heterozygous positions that would otherwise be split when M=1, cluster together when M=2. This increases the probability of alignment of those loci among individuals when building the catalog, and thus, the probability of finding these loci in a higher number of individuals also increases. This added variability information will be represented only when IUPAC encoded sites are used, explaining why the differences between matrix sizes using M=1 and M=2 are bigger.
When all species are considered, n=8 results in larger matrices than n=4 (by an average factor of 1.3 and 1.7 for fixed and IUPAC encoded sites respectively), whereas almost no difference is observed when using different n values when only Thunnus species are considered. The outgroup species are expected to be more divergent with respect to the rest the species. Higher values of n allow recovering more divergent orthologous loci, providing more informative positions resulting from the relatively high genetic distance of the outgroup species. When fixed positions are considered, matrices including all species are always larger than those including only Thunnus individuals (by an average factor of 1.6 and 2.8 when using individuals or species respectively); when IUPAC encoded sites are used, including all or only Thunnus species results in similar size matrices when high thresholds of missing data are used (75 and 50%), but on smaller 8 matrices when all species are considered when small missing data thresholds are used (factors of 0.6 and 0.5 when 25 and 0% of missing data are allowed). More positions fixed within but variable between species are found if the outgroup is included, which is expected given that these positions are product of fixation process during speciation, and the greater the evolutionary time, the greater the allele fixation probability. IUPAC encoding of polymorphic sites allows for retention of heterozygous positions within individuals and species, which may be valuable in resolving recent divergences.
However, when low percentages of missing data are allowed and the outgroup is included, positions resulting from recent speciation events may not be included in the analysis and thus prevent resolution of close relationships. On the other hand, high percentages of missing data allow positions present in only a subset of individuals to be included in the analysis.
Phylogeny of the genus Thunnus
Taking all analyses into account, a single topology (Figure 2 ) is supported (all branches with BV>95%) by 90 out of the 128 analyses, whereas no alternative topology is supported at that BV level (Table 1) . Only when lowering the BV threshold down to 80%, two new topologies, supported by a few analyses based on the smallest matrices, arose. As for the position of the root, 9 or 22 (for BV>95% or 80% respectively) of the 64 analyses that include all species support the position of the root on the branch of T.
alalunga, whereas an alternative rooting in the T. orientalis/T. thynnus branch is supported by 3 analyses only when lowering the BV to 80% (Table 1) . As reported by other studies (Cruaud et al., 2014; Hipp et al., 2014; Hou et al., 2015; Jones et al., 2013; Leaché et al., 2015; Rubin et al., 2012; Wagner et al., 2013) , the use of IUPAC encoded sites and allowing higher missing data percentages not only produces larger matrices, but also results in better resolved trees (Table 1 ). Yet, although high bootstrap alone is not evidence of tree accuracy (Rodríguez-Ezpeleta et al., 2007) , the congruence obtained among our different analyses is considered a good indicator of true evolutionary signal in the data (Hillis, 1995; Rubin et al., 2012) . Additionally, the fact that the trees with the highest support are the ones that have relatively the longest internal and shortest external branches suggests that the increased support is obtained by the use of more common and less independently acquired substitutions among lineages.
In sum, our analyses support an alternative evolutionary history of Thunnus species that 9 challenges previous definitions of the Neothunnus subgenus (Alvarado Bremer et al., 1997) and sets the root of the Thunnus genus within the T. alalunga branch. According to our results, T. obesus should be included within the Neothunnus subgenus. This implies that either this species lost the central heat exchanger and adapted to colder waters independently from the rest of temperate tunas by developing the lateral heat exchanger, as well as visceral and cranial retia mirabilia as it has been reported before for different lineages of Scombridae (Block et al., 1993) or that tropical tunas developed their central heat exchanger a posteriori independently from other lineages of Scombridae (Collette et al., 2001 ).
Relationships between the Atlantic and Pacific bluefin tunas
All species-and individual-based phylogenetic trees (see Appendix I) strongly support,
with bootstrap values (BV) of 100%, the sister group of T. thynnus and T. orientalis, and contradict previous mtDNA-based studies where Atlantic and Pacific bluefin tunas did not cluster as sister species (Bremer et al., 2005; Chow and Inoue, 1993; Chow and Kishino, 1995; Takeyama et al., 2001; Viñas and Tudela, 2009 ). Some authors have hypothesized mitochondrial introgression events between different Thunnus species as the main reason for discordances between mtDNA and nuclear DNA-based inferred relationships (Chow et al., 2006; Viñas and Tudela, 2009 ). This is supported by our analyses as the comparative study of the COI sequences revealed two T. thynnus individuals with introgressed mitochondrial DNA (Supplementary Figure 1) that had no phylogenetic relationships with T. alalunga or T. orientalis in the nuclear DNA-based phylogenetic trees. Attending to morphological features (Gibbs Jr and Collette, 1967) and allozyme and mitochondrial molecular markers (Collette et al., 2001) , the Atlantic and Pacific bluefin tunas have been considered as two different subspecies; yet, this has been questioned after their ITS1 nuclear marker sequences were found nearly identical (Chow et al., 2006) . In our study, most analyses support the respective monophylies of T. thynnus and T. orientalis, with only some trees based on the smallest matrices not providing support for either of the two monophylies (Table 1) . The fact that these analyses do not provide support for any other alternative grouping and that these two species constitute closely related lineages (Chow et al., 2006; Viñas and Tudela, 2009), suggest that finding enough phylogenetic signal to resolve their relationship requires not including distant groups, such as the outgroup, allowing high percentages of missing data in order to allow markers not present in other taxa, and using positions that are heterozygous within individuals and/or variable among species. Additionally, events such as incomplete lineage sorting, introgression or hybridization may hamper phylogenetic inferences (Hou et al., 2015) . Resolving the recent evolutionary history of Pacific and Atlantic Bluefin tuna will require further analyses based on more individuals.
Conclusions
Our study corroborates RAD-seq as an efficient tool to gather enough phylogenetically informative nuclear markers to resolve relationships among closely related species.
Testing different strategies to select markers to be used for phylogenetic inference, we have observed that, generally, despite including more missing data, bigger matrixes based on variable sites provide higher phylogenetic resolution. Applied to the resolution of the phylogeny of the genus Thunnus, our study based on RAD-seq derived genomewide nuclear markers, redefine the Neothunnus group, which should now include T.
obesus, raising new questions about the evolutionary history and adaptation processes to temperate or tropical waters within the genus Thunnus. Additionally, we found markers that support the differentiation of Atlantic and Pacific bluefin tunas, although their classification as two distinct species remains unclear and needs further review.
Importantly, the analyses performed and data generated within this study represent a valuable resource for the development of nuclear genetic markers for species identification that, unlike previously developed markers, are valid for both, closely related (T. thynnus and T. orientalis) or more distantly related species and are not affected by mitochondrial introgression events. Yet, in order to be applicable for fish product traceability and thus assist implementation and enforcement of conservation and management plans these markers should be validated in an alternative set of samples of known origin.
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